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LiMn204  epitaxial  thin  films  were  synthesized  on  SrTi03:Nb(l  1 1)  and  Al203(001)  single  crystal  sub¬ 
strates  by  pulsed  laser  deposition  (PLD)  method  and  the  electrochemical  properties  were  discussed 
comparing  with  that  of  amorphous  LiMn204  film  on  polycrystalline  Au  substrate.  LiMn204  epitaxial  film 
showed  only  a  single  plateau  in  charge-discharge  curves  and  a  single  redox  peak  at  the  corresponding 
voltage  of  cyclic  voltammograms.  This  phenomenon  seems  to  originate  from  the  effect  of  the  epitaxy:  the 
film  is  directly  connected  with  the  substrate  by  the  chemical  bond  and  this  connection  would  suppress 
the  phase  transition  of  LixMn204  film  during  lithium  (de-)intercalation.  The  discharge  voltage  of  LiMn204 
epitaxial  film  on  SrTi03  was  lower  than  that  of  LiMn204  film  on  Al203.  This  lowered  discharge  voltage 
may  be  caused  by  the  electronic  interaction  between  LiMn204  film  and  SrTi03:Nb  n-type  semiconductor 
substrate. 

We  also  attempted  to  measure  the  absorption  spectrum  change  of  LiMn204  epitaxial  film  on  Al203  dur¬ 
ing  the  lithium  (de-)intercalation.  The  absorption  spectrum  of  LiMn204  hardly  changed  during  charging 
and  discharging.  This  suggests  the  d  orbital  of  Mn  does  not  concern  the  4  V  region  redox  of  LiMn204. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently  many  of  interests  in  lithium  ion  battery  are  devoted  to 
rising  its  current  density  for  the  application  of  lithium  battery  to 
the  electric  vehicle  and  the  middle  scale  power  storage  system.  One 
of  the  effective  methods  for  increasing  current  density  of  battery 
is  diminishing  the  particle  size  of  electrode  material  to  nm  level. 
The  most  successful  example  of  this  method  is  LiFeP04  [1,2].  On 
the  other  hand,  this  method  has  limiting  size  for  some  materials. 
Honma  et  al.  [3]  reported  that  LiCo02  with  nm  order  particle  size 
loses  its  flat  plateau  in  discharge  curve. 

The  other  approach  to  obtain  the  higher  current  density  in 
lithium  battery  is  acceleration  of  the  electrode  surface  reac¬ 
tion.  The  lithium  intercalation  process  at  the  electrode  surface  is 
known  to  be  the  rate  limiting  process  [4]  and  its  reaction  mech¬ 
anism  is  very  complicated.  This  complex  has  made  the  surface 
reaction  rate  improvement  difficult.  Recently,  many  investiga¬ 
tors  have  attempted  the  analysis  or  in  situ  detection  of  electrode 
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surface  products  called  solid  electrolyte  interface  (SEI)  [5-9]  to 
determine  the  surface  reaction  mechanism  during  the  lithium 
intercalation. 

Epitaxial  thin  films  of  cathode  materials,  developed  by  Kanno  et 
al.  [10-12],  are  suitable  electrodes  for  in  situ  X-ray  reflectivity  and 
surface  diffraction  measurements  those  are  appropriate  for  prov¬ 
ing  the  surface  reaction  mechanism.  The  characteristics  of  cathode 
epitaxial  films  are  as  follows:  (1)  surface  roughness  is  very  low 
(few  nano  meters),  (2)  effect  of  grain  boundary  is  small,  and  (3) 
the  orientation  of  the  material  can  be  controlled  by  the  epitaxy. 
These  characteristics  of  epitaxial  films  would  be  also  favorable  for 
the  high  rate  intercalation.  For  the  achievement  of  this  purpose, 
optimization  of  the  substrate  materials  is  indispensable,  because 
the  substrate  is  directly  connected  with  the  films  by  the  chemical 
bond  and  the  interaction  between  the  epitaxial  films  and  substrates 
would  be  very  strong. 

In  this  paper,  we  evaporated  LiMn204  on  three  kinds  of  sub¬ 
strates,  polycrystalline  Au,  n-type  semiconductor  Nb-doped  SrTi03 
single  crystal,  and  insulator  A1203  single  crystal.  Electrochemi¬ 
cal  properties  of  these  films  were  appreciated  and  the  effect  of 
substrates  is  discussed.  On  the  basis  of  the  electrochemical  mea¬ 
surement  techniques  for  thin  films  on  the  insulator  substrate 
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developed  in  this  study,  the  absorption  spectra  of  LiMn204  epi¬ 
taxial  films  on  A1203  substrate  were  measured  during  the  lithium 
(de-)intercalation  to  investigate  the  electric  structural  change  of 
LiMn204. 

2.  Experimental 

LiMn204  films  were  grown  using  a  KrF  excimer  laser  with  a 
wavelength  of  248  nm  and  a  pulsed  laser  deposition  apparatus, 
PLD  3000  PVD  Products,  Inc.  The  substrates  used  were  polycrys¬ 
talline  Au,  single  crystals  of  1 1 1  orientated  0.5%  Nb-doped  SrTi03 
(STO(lll)),  and  001  orientated  A1203  (Al203(0  01))  substrate 
with  the  size  of  10  mm  x  10  mm  x  0.5  mm.  The  substrates  were 
annealed  at  1000  °C  before  use.  The  targets  of  the  PLD  process  were 
synthesized  by  sintering  a  mixture  of  starting  materials,  LiOH  and 
MnOx,  at  900  °C  for  24  h.  The  target  had  an  excess  lithium  com¬ 
position  Li/Mn  =  0.6  to  compensate  a  lithium  loss  during  the  PLD 
process.  Synthesis  of  thin  film  using  PLD  system  was  carried  out 
under  the  optimized  condition  as  previously  reported  [12].  The 
synthesis  of  W03  thin  film  on  Al203(001)  substrate  was  carried 
out  using  a  PLD  system  (Ozawa  Kagaku  Inc.,  Japan).  Light  source 
was  Q-switch  Nd:YAG  laser  with  a  wavelength  of  262  nm.  The 
synthesis  condition  was  650  °C  of  substrate  temperature,  30  Pa  02 
atmosphere  for  0.5  h,  and  the  distance  between  the  target  and  the 
substrates  was  7  cm.  Thin-film  X-ray  diffraction  data  were  recorded 
by  a  thin-film  X-ray  diffractometer  (Rigaku  ATX-G)  or  a  powder 
X-ray  diffractometer  (Rigaku  RAD-C)  with  Cu  Ka  radiation.  The 
orientation  of  the  epitaxial  films  was  characterized  both  by  the 
out-of-plane  and  in-plane  techniques.  For  the  electric  contact  to 
thin  film  deposited  on  the  insulator  substrate,  Au  was  evaporated 
on  all  edges  of  thin  films  with  2-mm  width.  The  charge-discharge 
characteristics  of  the  epitaxial  films  were  examined  using  a  cell 
with  lithium  metal  as  an  anode.  The  potential  and  current  were 
controlled  by  a  potentio-galvanostat  (Hokuto  FIA-501)  and  a  func¬ 
tion  generator  (Flokuto  FIB-105).  The  electrolyte  was  ethylene 
carbonate-diethyl  carbonate  with  a  molar  ratio  of  3:7  as  a  solvent 
with  a  supporting  electrolyte  of  1  M  LiPF6.  The  charge-discharge 
current  was  1  pA  otherwise  noted.  The  ac  conductivity  was  mea¬ 
sured  with  a  frequency-response  analyzer  (Solatron  1260)  over  a 
frequency  range  10-1  to  107  FIz. 
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3.  Results  and  discussion 

3.1.  Synthesis  and  characterization  of  the  epitaxial  films 

Fig.  1(a)  and  (c)  is  the  X-ray  diffraction  patterns  of  the  out-of- 
plane  measurements  for  LiMn204  films  on  the  STO(l  1 1)  and  the 
Al203(001)  substrates.  These  films  showed  the  diffraction  lines, 
1  1  1,  2  2  2,  3  3  3,  and  444,  which  indicates  LiMn204  111  orienta¬ 
tion  on  both  of  STO(l  1 1 )  and  Al2O3(0  0 1 )  substrates.  The  in-plane 
X-ray  diffraction  measurements  along  0 1 1  of  STO  and  1  0  0  of  Al2 03 
showed  220  and  440  reflections  as  were  shown  in  Fig.  1(b)  and 

(d). 

For  LiMn204  thin  film  evaporated  on  polycrystalline  Au  sub¬ 
strate,  no  reflection  except  for  Au  substrate  was  observed.  We  have 
discriminated  that  this  result  means  the  formation  of  amorphous 
LiMn204  film  on  Au  surface  on  the  basis  that  electrochemical  prop¬ 
erty  of  this  film,  mentioned  below,  agreed  well  with  that  of  a  typical 
LiMn204  bulk  electrode. 

In  the  previous  paper,  we  have  reported  that  the  thickness  of 
LiMn204  epitaxial  film  on  STO(l  1 1)  substrate  synthesized  under 
the  similar  condition  was  7-8  nm  [12].  LiMn204  films  on  A1203, 
STO  and  Au  substrates  synthesized  in  this  study  would  have  similar 
extent  of  thickness. 

3.2.  Electrochemical  property 

The  charge-discharge  curves  and  cyclic  voltammograms  (CV) 
for  LiMn204  film  on  polycrystalline  Au  substrate  (LiMn204/Au)  are 
shown  in  Fig.  2.  The  shapes  of  charge-discharge  curves  and  CV 
curve  are  similar  to  those  of  bulk  LiMn204:  two  plateaus  were 
observed  in  the  4  V  region.  In  CV  curves,  two  peaks  were  obtained  at 
the  corresponding  voltage.  These  CV  peak  positions  of  LiMn204/Au 
film  agreed  well  with  reports  by  other  groups  for  LiMn204  films 
synthesized  by  PLD  method  [13-15].  The  peak  separation  of  CV 
peaks  was  summarized  in  Table  1 .  The  peak  separation  values  were 
small  compared  with  bulk  LiMn204  electrode  even  at  the  much 
faster  scan  rate.  This  means  charge  transfer  rate  at  the  LiMn204 
thin  film  synthesized  by  PLD  method  is  much  faster  than  that  for 
LiMn204  bulk  electrode.  This  fast  charge  transfer  at  the  thin  film 
synthesized  using  the  PLD  method  was  also  reported  by  other 
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Fig.  1.  X-ray  diffraction  patterns  of  LiMn204  thin  films.  Out-of-plane  (a)  and  in-plane  (b)  XRD  patterns  for  LiMn204/SrTi03(l  1 1 )  and  out-of-plane  (c)  and  in-plane  (d)  patterns 
for  LiMn204/Al203(0  01). 
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Fig.  2.  Charge-discharge  curves  (a)  and  CV  curves  at  various  scan  rate  (b)  of  LiMn204 
thin  film  deposited  on  Au  polycrystalline  substrate. 

group  [15].  This  fast  reaction  would  be  brought  by  short  lithium 
ion  diffusion  length  owing  to  very  thin  film  thickness.  In  Fig.  3(a) 
and  (b),  charge-discharge  curves  and  CV  curves  for  LiMn204  epi¬ 
taxial  film  on  AI2O3  substrate  (LiMn204/Al203)  were  shown.  The 
charge-discharge  curves  of  LiMn204/Al203  epitaxial  film  were 
much  different  from  those  of  LiMn204/Au.  LiMn204/Al203  film 
showed  only  single  plateau  in  4  V  region.  In  CV  curves  (Fig.  3(b)),  a 
broad  peak  around  4.0  V  and  a  slight  shoulder  around  4.15  V  were 
observed.  The  scan  rate  dependence  of  peak  separations  was  sum¬ 
marized  in  Table  1.  The  scan  rate  dependence  of  separation  for 
the  peak  around  4.2  V  is  smaller  than  that  of  the  peak  around 
4.0  V,  while  scan  rate  dependence  at  the  LiMn204/Au  electrode 
was  almost  the  same  between  couples  of  two  peaks.  These  results 
suggest  that  the  CV  peak  at  higher  voltage  for  LiMn204/Al203 
electrode  would  be  assigned  to  other  electrochemical  reaction,  per¬ 
haps  electrolyte  solvent  decomposition.  It  should  be  noted  that  the 
scan  rate  dependence  of  peak  separations  for  LiMn204/Al203  is 
larger  than  that  for  LiMn204/Au.  Epitaxial  thin  film  electrode  is 
expected  to  show  fast  charge  transfer  performance  owing  to  its 
excellent  structure,  i.e.,  low  grain  boundary  effect,  ordered  sin¬ 
gle  orientation  and  very  flat  surface.  In  spite  of  these  superior 
characteristics,  charge  transfer  at  LiMn204/Al203  epitaxial  film 
electrode  was  not  fast  as  LiMn204/Au  film.  At  the  present  stage,  the 
accurate  reason  is  unknown.  But,  the  electric  contact  to  the  film 
would  be  an  important  factor  for  the  fast  charge  transfer.  For  the 

Table  1 

CV  peak  separation  of  LiMn204/Au  film  and  LiMn204/Al203  epitaxial  film  at  the 
various  scan  rates. 


Peak  separation  (V) 


Substrates 

Polycrystalline  Au 

A1203(0  0 1 )  single  crystal 

Peak  position 

4.0  V 

4.1V 

4.0  V 

4.15  V 

Scan  rate  (mVs-1) 
1.0 

0.018 

0.023 

0.05 

0.05 

2.0 

0.029 

0.033 

- 

- 

5.0 

0.048 

0.054 

0.18 

0.13 

10.0 

- 

- 

0.23 

0.15 

Capacity  C  /  //Ah 

Fig.  3.  Electrochemical  property  of  LiMn204  epitaxial  thin  films.  Charge-discharge 
curves  (a),  CV  curves  at  various  scan  rates  (b)  of  LiMn204  thin  film  deposited  on 
A1203  (0  0 1 )  substrate,  and  charge-discharge  curves  of  LiMn204  thin  film  deposited 
on  SrTi03:Nb  (1 1 1)  substrate  (c). 


electric  contact  to  LiMn204/Al203  film,  we  evaporated  Au  at  the 
four  edges  of  the  film.  This  “partial”  and  weak  contact  compared 
with  LiMn204/Au  film,  may  make  the  lithium  ion  diffusion  length 
longer. 

The  charge-discharge  curves  for  LiMn204/ST0  epitaxial  film 
were  shown  in  Fig.  3(c).  The  discharge  plateau  voltage  for 
LiMn204/ST0  (3.6-3.8V)  was  lower  than  that  for  LiMn204/Al203 
(3.8-4.1  V)  and  discharge  capacity  was  also  smaller.  This  difference 
would  be  caused  by  the  interaction  between  the  thin  films  and  the 
substrates,  because  any  serious  difference  was  not  found  in  crystal 
structure  measured  by  the  thin  film  XRD  (Fig.  1).  This  interaction 
between  the  substrate  and  epitaxial  film  could  be  categorized  to  the 
electrical  interaction  at  the  film/substrate  interface  or  the  forma¬ 
tion  of  a  new  inactive  interface  between  the  film  and  the  substrate. 
For  the  detailed  discussion,  further  investigation  of  the  interface  is 
necessary. 

As  was  seen  in  Fig.  3,  charge-discharge  curves  of  LiMn204/Al203 
showed  single  plateau.  The  two-stage  plateau  of  bulk  LiMn204  is 
reported  to  be  caused  by  the  phase  transition  of  LixMn204  [16]. 
At  the  hetero-epitaxial  interface,  the  substrate  and  the  deposited 
material  are  connected  directly  by  the  chemical  bond  sharing  the 
oxygen  atoms  at  the  interface  surface.  This  direct  connection  and 
the  induced  strain  may  suppress  the  phase  transition  of  LiMn204 
epitaxial  film. 
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Fig.  4.  Nyquist  plots  of  (a)  LiMn204  thin  film  deposited  on  Au  polycrystalline  sub¬ 
strate  and  (b)  LiMn204  epitaxial  film  on  Al203  (001)  substrate  at  various  potentials. 

In  Fig.  4,  Nyquist  plots  of  LiMn204/Al203  and  LiMn204/Au  films 
at  given  potentials  are  shown.  These  two  films  showed  similar 
behavior.  At  the  potential  of  3.6  V,  only  blocking  electrode  behav¬ 
ior  was  observed.  Above  3.9  V,  one  semi-circle  appeared  in  the 
higher  frequency  region  and  this  semi-circle  became  smaller  with 
the  increase  in  the  voltage.  This  tendency,  which  agrees  with  the 
report  by  Yamada  et  al.  [14]  for  LiMn204  film  synthesized  by  PLD 
method,  indicates  the  lithium  ion  (de-)intercalation  is  proceeding 
at  the  LiMn204/Al203  epitaxial  film. 

3.3.  Absorption  spectrum  measurement  ofLiMn204/Al203 
epitaxial  film  during  lithium  ion  intercalation 

Using  the  LiMn204/Al203  epitaxial  film,  that  has  high  trans¬ 
parency  for  the  weak  light  scattering  at  the  surface  of  crystal, 
UV-visible  absorption  measurement  of  LiMn204  during  lithium 
(de-)intercalation  was  carried  out.  The  structure  of  the  cell  for 
absorption  measurement  is  shown  in  Fig.  5.  To  obtain  the  path  for 
light,  the  substrate  holder  has  a  square  window  and  there  also  is  a 
quartz  glass  window  at  the  cell  wall  opposite  side  to  the  substrate 


Fig.  5.  Schematic  description  of  the  absorption  spectrum  measurement  cell  struc¬ 
ture  for  the  epitaxial  thin  film  during  lithium  (de-)intercalation. 

holder.  The  counter  Li  metal  electrode  is  located  at  the  side  wall 
out  of  the  light  path.  To  confirm  the  cell  performance,  absorption 
spectrum  measurement  of  WO3  thin  film,  that  is  a  famous  mate¬ 
rial  turning  its  color  during  the  intercalation,  was  carried  out.  In 
Fig.  6,  the  absorption  spectrum  changes  of  W03/A1203  film  during 
lithium  intercalation  are  shown.  On  discharging  (intercatation),  the 
absorption  in  the  UV  region  decreased  monotonously  with  absorp¬ 
tion  increase  in  the  visible  region.  Finally,  the  film  color  turned 
from  no  color  to  blue.  The  absorption  spectrum  of  W03/A1203  film 
changed  reversibly  by  the  lithium  (de-)intercalation.  Fig.  7  shows 
the  absorption  and  its  derivative  spectra  of  LiMn204/Al203  epitax¬ 
ial  film.  One  strong  and  two  weak  absorption  were  observed  at  the 
region  below  500  nm,  around  600  nm,  and  around  700  nm.  These 
peaks  were  assigned  to  the  band  transition  of  LiMn204,  transition 
from  Mn  t2g  to  upper  Mn  eg  orbital  and  from  Mn  t2g  to  lower  Mn 
eg  orbital,  respectively  [17],  and  the  positions  of  absorption  agreed 
with  the  literature.  The  absorption  spectra  of  LiMn204/Al203  epi¬ 
taxial  film  at  various  voltages  are  shown  in  Fig.  8.  During  the  lithium 


Fig.  6.  Absorption  spectra  of  W03  thin  film  on  Al203  at  various  voltages  during 
lithium  intercalation. 
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Fig.  7.  Absorption  spectrum  and  derivative  spectrum  (inset)  of  LiMn204  film  on 
A1203. 


Fig.  8.  Absorption  spectrum  changes  of  LiMn204  film  on  Al203  at  various  voltages 
on  (a)  charging  and  (b)  discharging. 


ion  (de-)intercalation  (Fig.  8(a)),  the  spectrum  scarcely  changed 
except  for  the  slight  increase  in  the  UV  region.  During  the  lithium 
intercalation  (Fig.  8(b)),  the  absorption  in  the  UV  region  continued 
increasing.  This  monotonous  absorption  increase  in  the  UV  region 


was  caused  by  the  electrolyte  solvent  decomposition  and  that  was 
confirmed  by  absorption  measurement  of  electrolyte  solution  after 
the  charge-discharge  cycles. 

The  result  that  the  absorption  spectrum  of  LiMn204/Al203  epi¬ 
taxial  film  showed  no  change  during  the  lithium  (de- intercalation, 
suggests  that  the  d  orbitals  and  d-electrons  of  LiMn204  does 
not  concern  with  the  redox  reaction  in  4  V  region  lithium  inter¬ 
calation.  Uchimoto  et  al.  [18]  measured  the  XANES  spectra  of 
LixMn204  (0.1  <x<2.2)  and  reported  that  no  shift  of  XANES  spec¬ 
tra  was  observed  for  the  specimens  0.1  <x<1.0.  They  explained 
this  phenomenon  as  follows.  A  hole  is  introduced  into  the  0  2p 
orbital  instead  of  drawing  electrons  from  eg  orbital  of  Mn  for  the 
4  V  region  LiMn204  charging.  The  results  of  the  absorption  spec¬ 
trum  measurement  in  this  study  may  support  this  redox  reaction 
mechanism. 

4.  Conclusion 

In  this  paper,  we  have  demonstrated  that  the  electrochemi¬ 
cal  property  of  LiMn204  epitaxial  thin  film  is  influenced  by  the 
substrates  those  are  chemically  connected  to  the  thin  films.  For 
the  further  development  of  epitaxial  film  electrode  system,  the 
optimization  of  substrate  materials  on  the  basis  of  the  interface 
interactions  would  be  necessary. 
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